Eleven minisatellite (VNTR) DNA loci were examined for Mendelian inheritance and possible linkage relationships in a brown trout family (54 offspring). Analyses of the full progeny set (males and females combined) showed no statistically significant departures from Mendelian expectations at any locus, and no new mutations were observed. However, at one locus, Str-A9, differential segregation (P <0.001) of parental alleles into male and female progeny was recorded. This is indicative of tight linkage between Str-A9 and the sex determining region in the brown trout, and confirms the male as the heterogametic sex in this species. Joint segregation analyses of 83 different pairwise comparisons of loci revealed nonrandom assortment in only two instances, i.e. both male and female comparisons of Str-A22/1 with Str-A22/2. These findings illustrate the importance of inheritance studies in clarifying the genetic basis underlying minisatellite DNA polymorphisms prior to their use as individual, familial or population markers.
Introduction
Most salmonid fishes are of significant economic and recreational importance. As a consequence, extensive studies concerning the population biology and genetics of many of these species have been undertaken (e.g. Ferguson & Taggart, 1991; Ryman, 1991; Shakiee et al., 1991; Utter, 1991; Verspoor, 1994) . Furthermore, being a relatively recent tetraploid derivative group (Ohno et a!., 1969) , the salmonids have attracted considerable attention in the study of evolution by gene duplication. The advent of gel electrophoresis (in the 1960s), which allows the indirect assessment of genetic variability through the study of protein polymorphisms (Ferguson, 1980) , has greatly benefited these lines of enquiry. However, although a considerable number of polymorphic systems have been detected in most salmonid species (e.g. Utter, 199] ), usually only a few alleles segregate at a locus in any particular population and heterozygosity levels are generally low. As a result, detailed studies concerning population genetics and evolutionary aspects of salmonid biology have been somewhat restricted.
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More recently, minisatellite DNA fingerprinting studies of salmonids have revealed an alternative source of highly polymorphic markers (e.g. Fields et al., 1989; Taggart & Ferguson, 1990a; Bentzen et a!., 1991) . Due to their complexity, however, multilocus profiles are only of limited value for salmonid studies, especially at the population level (Taggart & Ferguson, 1990a; Prodöhl et a!., 1992) . Locus-specific minisatellite (VNTR) DNA probes provide a more practical approach to the detection and analysis of these highly variable regions of nuclear DNA. Unlike 'universal' multilocus DNA probes, however, single locus minisatellite probes (SLPs) are largely species/genus specific and thus must be individually isolated for each organism under investigation. While many SLPs have been produced for humans (e.g. Nakamura eta!., 1987; Wong et al., 1987; Armour et at., 1990) , the specialized nature of the molecular cloning procedures required to isolate them has been a major factor in the relatively limited application of this new technology to other eukaryotes. Nevertheless, SLPs have been recently reported for a number of organisms; mainly other mammals (e.g. Kominami et a!., 1988; Kelly et a!., 1989; Coppieters et at., 1990) , and various bird species (e.g. ; Hanotte eta!., 1991b).
To date, reports of SLP isolation among fish species have been mainly confined to salmonids, specifically Atlantic salmon, Salmo salar L. (Taggart & Ferguson, 1990b; Bentzen et at., 1991) , and brown trout, Salmo trutta L., (Prodöhl et al., 1994) . Similar probes have also been isolated for tilapia (Bentzen et al., 1991) . These preliminary studies have revealed the presence of a much larger number of alleles at minisatellite loci in comparison with protein coding loci. A battery of such SLPs, with a range of heterozygosities, would prove invaluable in many aspects of salmonid research by providing population, familial, individual and chromosomal markers.
It is essential that both the genetic basis underlying observed variation detectable with SLPs and possible linkage relationships among minisatellite loci be established prior to their more widespread use. This is of particular importance with regard to salmonids, where occasional forms of aberrant segregation at protein coding loci have been observed, these being considered to reflect residual tetrasomy within the salmonid genome (May et at., 1979; Wright er at., 1983) . In this paper we describe a panel of 11 SLPs which detect single locus polymorphisms in the brown trout. Both single locus and joint segregation inheritance studies (including sex linkage) involving all loci are detailed.
Materials and methods
Samples
Brown trout crosses were performed in November and December 1989 using local fish farm broodstock.
Three families were reared to a size in which the sex of the offspring could be determined by gonadal inspection. These comprised one large family of which 48 individuals were sexed (F89/1, no. progeny= 54; due to their small size sex could not be confidently determined for six offspring) and two smaller families (F89/ 2, n=15; F89/3, n=23). Population samples were available from an ongoing series of investigations being undertaken within our laboratory and represented geographically widely separated stocks (Ireland and Iceland) . In all cases, tissues (muscle) were stored frozen (-20°C) or in 99 per cent ethanol (+ 4°C) until required.
Routine screening conditions
Total genomic DNA was isolated using a simplified phenol / chloroform methodology . Standard protocols for gel electrophoresis (3 ug Pall digested DNA/sample), Southern blotting (onto Hybond N membrane) and isotopic labelling of probe (random priming) were followed. Prehybridization and hybridization conditions were 1.5 x SSPE (0.27 M NaCl, 15 ifiM NaH2PO4, 1.5 mivi EDTA Na2 salt; pH 7.7), 0.5 per cent dried milk, 1 per cent sodium dodecyl sulphate (SDS), 6 per cent polyethylene glycol (PEG) at 65°C (Dalgleish, 1987) . Sonicated brown trout genomic DNA (10 tg mL 1) was added, as competitor, to the hybridization mix. Following overnight hybridization, membranes were washed to high stringency (0.5-0.1 X SSC, 0.1 per cent SDS, 65°C, 2 x 30 mm) and autoradiographed for 2-4 days at -70°C in the presence of intensifying screens [2 x SSC =0.3 M NaCI, 0.03 M Na3 citrate; pH 7.01.
Probe / locus nomenclature Following a system previously adopted by others (Bentzen et at., 1991; Hanotte et al., 1991a) , each SLP is identified by initial letters from the species binomial, followed by a unique (usually original clone) number.
We use a prefix 'p' when referring to the probe as distinct from the locus it detects. To avoid duplication of names (arising from different laboratories isolating SLPs from the same species) we suggest the inclusion of an additional laboratory identifier, i.e. a single capital letter preceding the number. Thus, probes isolated by our group from brown trout have been designated pStr-An and from Atlantic salmon (S. salar), pSsa-M.
Where more than one locus may be detected by an original recombinant (see below), additional numeric locus designators are used following a 'slash' separator e.g. Ssa-A45/1 and Ssa-A45/2. Similarly, probes later derived to detect each locus separately have been named pSsa-A45/1 and pSsa-A45/2, respectively, thereby signifying their common origin. The term 'allele' is used in a general context, referring to entire DNA fragments resolved by each probe (i.e. minisatellite repeat region(s) and any adjacent DNA). Individual fragments are assumed to be single 'alleles' although in some cases they may represent groups of isoalleles. Specific alleles are described by simple alphabetic notation.
Single locus probes
The methodology for, and rationale behind, the isolation of five probes (pStr-A1, pStr-A3, pStr-A5, pStr-A9 and pStr-A22) from a brown trout DNA phagemid library have been detailed elsewhere (Prodöhl et at., 1994) . It has since been found that Southern blots probed with pStr-A22 and washed at lower stringency than normal (0.3 X SSC vs. 0.1 x SSC) resolved an additional polymorphic locus. Further investigation revealed that this probe insert ( 1500 bp-MboI fragment) contained an internal Pall site yielding two frag-ments of 800 bp and 700 bp in size. Each fragment was subsequently subcloned into pBluescript II phagemid (Stratagene) giving probes pStr-A22/ 1 and pStr-A22/2, respectively, each probe detecting a different locus with Pall digested genomic DNA. Additionally, five Atlantic salmon derived SLPs were surveyed. Details of the isolation of four of these probes, from an EMBL3 partial library, have been given previously (Taggart & Ferguson, 199Db; Taggart et al., 1994) . These probes, originally designated 3. 15.33, 3.15.34, 3.15 .45 and 3.15.60 have been renamed pSsa-A33, pSsa-A34, pSsa-A45/1 and pSsa-A60, respectively. The original 3.15.45 EMBL3 recombinant yielded three Sau3A I insert fragments, only one of which detected the variable locus referred to by Taggart & Ferguson (199Db) . A second fragment, pSsa-A45/2, has since been found to detect apparent minisatellite DNA variation in Atlantic salmon, and was also used in this study.
(pSsa-A34, pSsa-A45/1 and pSsa-A45/2 have since been subcloned into pBluescript II phagemid constructs.)
Inheritance analyses Goodness of fit x2 statistics were employed to test for departures from Mendelian segregation of alleles at each minisatellite DNA locus. Separate analyses were carried out on male only, female only, and combined progeny in order to screen for possible sex linkage effects. In conformance with previous joint segregation analyses of salmonids (e.g. May eta!., 1979; Taggart & Ferguson, 1984 ) the symbols and statistics of Mather (1951) were employed, where for a given test cross AABB X AA'BB' resultant offspring were grouped as A summary of probe characteristics, including preliminary population data where available, is given in Table 1 . All loci were found to be at least moderately variable (i.e. 4-13 discrete allele classes; lowest mean heterozygosity 21 per cent). Interestingly, most allele classes were observed in the majority of populations surveyed, with no high frequency (i.e. >0.3) population diagnostic bands apparent.
Fortuitously, the largest family (F89/1) proved to be the most informative of the three sexed crosses available, with the female parent being heterozygous at all 11 loci and the male parent at eight loci. Str-A1 and Ssa-A45/1 were both homozygous in the male parent, while no bands were detectable with pSsa-A60. (This latter probe generally detects very small alleles in brown trout (1-2 kb), the 'null' genotype most likely reflecting particularly small alleles in this individual. DNA fragments <500 bp were run off the end of the gel.) With at least two expected progeny types per locus, it was possible to test for Mendelian (disomic) segregation of alleles at all loci and for possible sex associations in the majority of cases from this single family.
Analyses of the full progeny set (i.e. 54 offspring) revealed no statistically significant departure from Mendelian expectations at any locus (detailed in Table  2 ). This was also the case for sex-segregated progeny at 10 of the 11 loci. However, highly statistically significant differences were observed at Str-A9, which revealed differential segregation of paternal alleles into male and female progeny (Fig ib) . To confirm this finding the two smaller families were also screened with pStr-A9. Similar sex associations were observed in all cases (Table 3) . Only two presumed recombinants were found out of 86 progeny scored (recombination frequency = 0.023) suggesting tight linkage between Str-A9 and the sex determining region in brown trout. (Although unlikely, possible gender mistyping of these two individuals cannot be dismissed at present.) While it was not possible to test for male sex association with three probes in family 89/1, this was examined for StrAl and Ssa-A45/1 (though with more limited progeny) in families F89/2 and F89/3. The two male parents were informative (i.e. heterozygous) for both these loci.
No evidence of sex linkage was apparent for either locus (data not shown). Ssa-A60 was found to be noninformative (i.e. both males homozygous) in both of these families. Under the electrophoretic conditions employed no nonparental allele was observed among progeny at any of the minisatellite loci, indicative of a relatively high germline stability for these loci. Based on 11 loci examined among 54 offspring, and additional screening of families 89/2 and 8 9/3, the maximum combined mutation rate at these minisatellite loci must be less than 0.003/allele/generation (95 per cent confidence maximum).
Family F89/1 proved equally informative for joint segregation analyses. A total of 83 different pairwise comparisons of loci was possible (Table 4 ). Joint 0.023 Table 4 Summary of af 1 pairwise examinations for joint segregation of minisatellite DNA loci undertaken in brown trout family F89/l. X denotes pairwise comparisons analysed (male above, and female below the diagonal)
Segregation in males
Str-A1 Str-A3 Str-A5 Str-A9 Sir-A22/1 Str-A22/2 Ssa-A33 Ssa-A34 Ssa-A45/1 Ssa-A45/2 Ssa-A60 Segregation i n females Sir-Al
Statistically significant associations (P <0.05) are indicated by 0. The single locus inheritance data confirm that at all 11 loci examined, specific minisatellite alleles segregated in Mendelian fashion. No novel allele (i.e. new mutation) was observed, although such alleles have been occasionally described in other pedigree analyses. For example, mutation rates as high as 0.05 per gamete have been reported for some human minisatellite loci Wolff et at., 1988) . Similarly unstable minisatellite loci have been described in other species; mouse (Kelly et al., 1989) and willow warbler (Gyllensten et at., 1989) . Given both the relatively small sample size screened in this study and the comparatively moderate levels of heterozygosity (0-69 per cent, with average of 54 per cent) exhibited by the minisatellite loci in brown trout populations, the absence of mutant alleles was not unexpected. In general, there is little detailed information available concerning the molecular mechanisms involved in the production of new alleles at minisatellite loci (Cohen, 1990; Chakraborty et a!., 1991) . Indeed, different mechanisms may apply to different minisatellites (e.g. Jeifreys eta!., 1991; Wolff eta!., 1991) .
Following high stringency washings, all five Atlantic salmon derived minisatellite DNA probes also (Taggart & Ferguson 1990b;  unpublished data) compared to <0.5-2 kb in brown trout. Conversely, pSsa-A45/1 detects a relatively small size range of fragments (2-3 kb) in Atlantic salmon (Taggart & Ferguson, 1990b ; unpublished data) but much larger fragments (4.3-15 kb) in brown trout. Further comparative investigations of these loci may provide information concerning possible molecular mechanisms governing size constraints of minisatellite DNA regions. Alternatively, other factors (e.g. speciesspecific RFLPs in the flanking regions, minisatellite The informative parent is underlined in each analysis. Symbols as in text.
clusters, possible nonhomology) could account for the observed differences. Associations between phenotypic sex and biochemical/molecular markers in salmonids have been poorly studied to date. This has been at least partly due to the need for dedicated facilities for holding separate family groups to an age (>6 months posthatching) where their sex can be confidently determined (May et a!., 1989) . Nevertheless, there have been a few examples of sex linkage with such markers. Gelman et a!. (1987) have reported a linkage association between a locus encoding hexosaminidase and phenotypic sex in rainbow trout, while May et al. (1989) have demonstrated tight classical linkage between sex and three isozyme loci (LDH1*, AAT5* & GPI3*) in second generation spartics (Salvelinus fontinalis X S. alpinus). More recently Devlin et a!. (1991) , using subtractive hybridization methodologies, have isolated a malespecific (i.e. Y chromosome) probe in chinook salmon (0. tshawytscha). Interestingly, the strength of hybridization signal obtained with this probe suggests that it is a repeated sequence that is being recognized in the male chinook.
The sex chromosomes of salmonids (in common with most other fish) are morphologically similar to autosomes and indeed have yet to be positively identified in the majority of species, including the brown trout (Hartley, 1987) . Where identified Onchorhynchus mykiss (Thorgaard & Allen, 1987; Chevassus et al., 1988) , 0. nerka (Thorgaard, 1978) , 0. kisutch (Hunter et a!., 1982) , Savelinus namaycush (Phillips & Ihssen, 1985) . The apparent male heterogametic condition detected by pStr-A9 in brown trout in this present study is thus in agreement with these findings. It should be feasible to locate physically the sex chromosomes of brown trout through in situ hybridization studies, though a larger probe than is currently available (1.8 kb) would probably be required. More detailed investigations, e.g. chromosome walking, could eventually lead to the isolation of both X-and Y-specific sequences and, hence, to a better understanding of sex determination in this and other salmonids. With hormonal manipulation of both sex and reproduction having become an important practice in aquaculture and fisheries biology, accurate methods of distinguishing between genetic and phenotypic sex in salmonid broodstock are in demand (Devlin et al., 1991) . Rapid PCR-based methods of genotypic sex determination could be developed from known X and Y chromosome-specific sequences.
Associations between minisatellite loci and phenotypic sex have been reported in a few other studies.
Analyses of multilocus DNA fingerprints have revealed sex-linked fragments in, for example, the laboratory mouse (Jeifreys et a!., 1987) and parrots (Miyaki eta!., 1992) . May eta!. (1993) have described a minisatellite DNA probe isolated from the red kite (Milvus milvus) which detects a multibanded fingerprint in females, yet does not hybridize to DNA from the male of the species. One of 23 human minisatellite loci isolated by Armour et a!. (1990) was found to map to the X chromosome. Other types of repetitive DNA have also been linked to sex determining locations. For example Bkm satellite DNA, which contains numerous GATA-GACA repeats, is associated with sex determining chromosomes in snakes (Singh et a!., 1980) ; mice (Jones & Singh, 1982) and sea turtles (Demas et a!., 1990) . While Bkm sequences have been shown to detect DNA fingerprint patterns in both rainbow trout (Lloyd et al., 1989) and in the coral reef fish, Anthias squamipinnis (Wachtel & Demas, 1991) , no evidence of sex association was found in either study.
Most other studies of minisatellite loci in different species have shown them to be widely dispersed among (at least) the autosomes, even where only a single minisatellite probe has been used to generate DNA fingerprints (reviewed by Jeifreys et a!., 1991). However, occasional occurrences of nonrandom associations (i.e. linkage) between minisatellite loci have been reported, e.g. in humans ; cattle (Georges et a!., 1990); birds (Hanotte et a!., 1991b); Atlantic salmon (Taggart & Ferguson, 1990a) . This suggests the existence in the genome of these species and probably most others, of clusters of closely linked minisatellite loci . With brown trout having a relatively large chromosome complement (2n = 80), the demonstration of random segregation among all of the independently isolated loci was not particularly surprising.
The linkage association detected between Str-A22/1
and Str-A22/2 was to be expected since both probes were derived from a single original recombinant. This linkage presents practical limitations in the use of both loci in population genetic studies, since independence of markers is a basic assumption of most statistical analyses commonly employed (Nei, 1978) . Similarly, this knowledge is of obvious importance in determining the probability of relatedness within and among family groups. Even when washed to relatively low stringency
(1 xSSC, 65°C) neither pStr-A22/1 nor pStr-A22/2 detected the other linked locus, suggesting that the repetitive sequences of both probes are dissimilar.
Rather than being the products of a single large minisatellite locus with a single Pall site, therefore, both cloned fragments appear to contain distinct minisatellite loci and perhaps represent a 'minisatellite cluster' as mentioned above. It may be possible to follow the conservation of this minisatellite linkage group among other salmonid species, to gain further insight into both the mechanisms and rates of mutation at these loci (Wolff et a!., 1991) . There was no evidence of linkage between Ssa-A45/i and Ssa-A45/2 in brown trout despite both probes being derived from a single Atlantic salmon EMBL3 recombinant. However, these loci also show apparent independent segregation in Atlantic salmon (unpublished data). Whether the original insert DNA represented a contiguous length of DNA, or was the result of the ligation of three smaller unrelated fragments has yet to be ascertained.
The main purpose for our minisatellite DNA cloning studies was to obtain a series of highly polymorphic probes for use in detailed population genetic studies of native salmonids (Taggart & Ferguson, 1990b; Prodöhl eta!., 1994) . All the probes described in this paper permit the unambiguous identification of (relatively stable) allelic variation at single loci and as such can be analysed similarly to, and combined with, allozyme and other nuclear data. However, it must be realised that at present, the collection of SLP data is much more time-consuming and costly than for allozyme screening and, as such, the application of minisatellite DNA-based studies should be carefully targeted. in future years it may prove possible to PCR amplify routinely some of these minisatellite loci, particularly the smaller ones, e.g. Str-A1, Str-A22/2 & Ssa-A60. During our work many minisatellite DNA inserts were cloned which produced more complex fragment patterns than those described above (Prodöhl et al.,
